Circuit quantum electrodynamics, where photons are coherently coupled to artificial atoms built with superconducting circuits, has enabled the investigation and control of macroscopic quantum-mechanical phenomena in superconductors [1, 2]. Recently, hybrid circuits incorporating semiconducting nanowires [3] [4] [5] and other electrostatically-gateable elements [6] [7] [8] have provided new insights into mesoscopic superconductivity [3, 5] .
The fluxonium consists of a Josephson junction with Josephson energy E J in parallel with a linear superinductor [19] with inductive energy E L and a capacitor characterized by the energy E C , as shown in Fig. 1a . The fluxonium regime (E L < E C < E J ) is achieved by shunting the junction with a large inductance. This parameter regime results in the eigenstates of the fluxonium being composed of superpositions of persistent currents in multiple directions (Fig. 1b ). Since a switch in the parity of a Majorana zero mode (MZM) corresponds to a switch in the direction of the persistent current flowing in the fluxonium circuit, it is uniquely suited to detecting the parity lifetime of a MZM. Building a fluxonium compatible with detecting topological phenomena in a magnetic field, however, presents multiple challenges. The first challenge is reaching the fluxonium regime us-ing magnetic-field compatible materials. Recent work on magnetic-field compatible materials with a large kinetic inductance such as granular aluminium [20] [21] [22] and NbTiN [23] [24] [25] has presented a path to meeting the stringent requirements of the fluxonium superinductance.
Here we have realized a fluxonium circuit compatible with MZM-detection as shown in Figs 1c-f. All circuit elements except for the junction are fabricated using NbTiN, which has been demonstrated to have critical fields exceeding 9 T and inductances exceeding 75 pH/ [24] . The use of NbTiN, however, introduces the possibility of lossy vortices when a magnetic field is applied to the device. We mitigate the effects of these vortices by introducing vortex-pinning holes (inset, Fig. 1c ) and using inductances based on thin meanders (Fig. 1e ). The small widths of the meanders suppresses the emergence of vortices due to out-of-plane fields, B x , up to tens of mT [26] .
In addition to being composed of magnetic-field compatible materials, for use as a detector, the fluxonium must also maintain its narrow linewidth during the application of a magnetic field. The application of a magnetic field precludes the possibility of using the magnetic shielding necessary for limiting flux noise in flux-based superconducting circuits. We address this challenge by building a gradiometric superinductance as shown in Fig. 1d . Equal fluxes through each of the two loops generate equal currents that are canceled at the junction, rendering the fluxonium insensitive to flux noise due to sources larger than the fluxonium device.
The final challenge is faced when incorporating a semiconducting nanowire into a superconducting circuit. The small junction of the fluxonium is based on a semiconducting InAs nanowire proximitized by an epitaxiallygrown aluminum layer ( Fig. 1f ) [27] . This small junction, however, does not provide a large enough capacitance to achieve the fluxonium regime. We thus add a parallel plate capacitor (blue in Fig. 1d ) to achieve the required E C for the fluxonium. We note that this fluxonium design is flexible enough to incorporate any semiconducting material as its small junction.
We first demonstrate that our device behaves as expected for a fluxonium coupled to a readout resonator. Data from two similar fluxonium devices (device A and device B) will be presented in this Letter. We first focus on the behavior of device A. We monitored the transmission amplitude, |S 21 |, at frequencies f r,drive around the resonator frequency f g0→g1 , as a function of the external phase ϕ ext = 2e Φ ext , as shown in the top panel of Fig. 2a . Transitions are labelled as m i n i → m e n e , where m i (m e ) and n i (n e ) are the initial (end) states of the fluxonium and resonator, respectively. The resonator spectrum is periodic in flux and also exhibits gaps in its visibility, which indicate that the resonator is coupled to the fluxonium. The bottom panel in Fig. 2a shows the flux dependence of the observed transition frequencies of the fluxonium-resonator system, measured by monitoring the transmission amplitude at f r,drive = f g0→g1 while the system is driven with a second tone with frequency f f,drive , also via the resonator. Threading a flux quantum through the gradiometric loop that comprises the fluxonium corresponds to B x = 550 µT, which is much greater than the 15 µT that would be needed to thread a flux quantum through one of the two symmetric loops. The gradiometric geometry thus reduces the sensitivity of the fluxonium to magnetic field noise larger than the fluxonium loop by more than an order of magnitude. The residual asymmetry present is due to the nanowire placement and the presence of the gates and capacitor inside the loop.
To fit the spectroscopy data (markers in Fig. 2b ), we diagonalize the Hamiltonian for the circuit shown in Fig. 1a [28] , leaving all circuit parameters free except for C r = 26 fF, which we extract from electromagnetic simulations. The parameters obtained from the fit are shown in Tab. I and the fitted transition frequencies are denoted with lines in Fig. 2b . Each state is identified by the closest state in energy for the uncoupled system. In addition to transitions originating from the ground state, g0, we also observe transitions for which the initial state is g1, with one photon in the resonator (dashed lines). This is due to the continuous drive used to monitor |S 21 | at f g0→g1 , which can populate the resonator. Transitions starting from the first excited fluxonium state, e0, around ϕ ext = π (dotted lines) are also observed. The transition frequency for g0 → e0 goes below 1 GHz near ϕ ext = π. The transitions from e0 thus occur due to the expected equilibrium thermal occupation of e0 for temperatures of around 20 mK. We find excellent agreement between the experimental data and the fit, with all fit parameters coming to within 5% of the designed parameters.
Mesoscopic phenomena such as Majorana zero modes often require fine tuning of the density in the semiconductor. We here demonstrate that the spectrum of the fluxonium is measurable over a large range of gate voltages and thus does not limit the possible observable phenomena. We first measure f g0→g1 versus V j . As shown in Fig. 3a , the resonator frequency is constant at low and high voltage values but has non-monotonic fluctuations in an intermediate range, which is consistent with observations in previous experiments on nanowire junctions [3, 4] . Figures 3b, c and d present spectra taken at three different V j values (marked by solid lines in 3a). Here we use a lower drive power than in Fig. 2 to reduce broadening of the spectral lines due to the drive power, therefore the main observable transitions start from the ground state, g0. For low V j , we observe a weakly anharmonic spectrum (Fig. 3b ). For large V j values (Figs. 3c,d) , however, the flux dependence and the anharmonicity become much stronger. We also note the presence of additional transitions in the spectroscopy data for intermediate and large V j denoted by the lighter markers in Fig. 3c d. The spectra at intermediate V j is taken at a point where the junction is very sensitive to gate voltage; the additional transitions are due to the E J of the junction fluctuating while the spectroscopy is being performed. At higher V j , the E J of the junction is stable as a function of gate but additional transitions due to the presence of the resonator drive are also observed. We fit the data of the three spectra using the same parameters as those used in Fig. 2 while only allowing E J to vary. The fits maintain their accuracy over the whole V j range. We therefore conclude that E J is the only circuit parameter affected by large changes in V j . Our results thus show that it is possible to address and observe the state of the system over a large E J -range encompassing regimes where its eigenstates are of very different character. Next, we explore the magnetic field compatibility of the nanowire fluxonium. The magnetic field behavior of the device strongly depends on the microscopic details of the nanowire junction. In order to demonstrate the field compatibility of the fluxonium circuit elements, we here show data from device B whose parameters were optimized for magnetic field compatibility. The magnetic field behavior of device A is provided in the supplement. Spectroscopy measurements at two different V j and B z points are shown in Figs. 4a and b. We continue to be able to perform spectroscopy on the fluxonium over the full range in ϕ ext at fields up to 1 T. We do note, however, that at higher magnetic fields, the thermal occupation of the excited state of the fluxonium does appear to be higher since we observe transitions from this state even when the g0 → e0 frequency is above 1 GHz. Importantly, we can still fit the spectroscopy data accurately in this regime, indicating that the fluxonium-resonator Hamiltonian remains valid at high magnetic fields, with E J being the only parameter largely affected by B z . Fit parameters for device B are shown in Tab. I.
We finally use the nanowire fluxonium to investigate the behaviour of spin-orbit coupled semiconducting junctions in magnetic field. We perform spectroscopy measurements at gate voltages ranging from 3.5 to 4.8 V and fields ranging from 0 to 1 T. From the spectroscopy we extract E J as a function of B z at two different gate points, which is shown in Fig. 4c . A non-monotonic decrease of E J with field is observed at both gate points. We expect an overall decrease in E J versus B z due to the superconducting gap closing at high magnetic fields. The non-monotonic behaviour of E J , however, suggests the presence of interference between different modes in the junction [29] .
A shifting of the zero-flux point in the spectroscopy of the fluxonium device at high fields can be used to determine the breaking of multiple symmetries in the semiconducting junction [30] . This phase shift is known as the ϕ 0 -Josephson effect, which occurs when chiral and timereversal symmetries are both broken in the junction. In InSb-and InAs-based junctions, this symmetry-breaking originates from the interplay between the presence of multiple channels in the junction, spin-orbit coupling, and the Zeeman splitting due to the applied magnetic field [30] [31] [32] . We observe such a shift in the zero-flux point of the spectroscopy lines as V j is varied in a B z field (indicated by ϕ 0 in Fig. 4a .) The ϕ 0 -shift as a function of V j is shown, at B z = 0 and at B z = 0.5 T, in Fig.  4d ; the ϕ 0 value at V j = 4.80 V is taken as the ϕ 0 = 0 reference. At B z = 0 the zero-flux point does not change, while it changes continuously with V j when a B Z field is applied. We remark that since the observed phase shift appears as a function of V j at fixed magnetic fields, we can exclude trivial effects such as misalignment of the magnetic field.
In conclusion, we have successfully realized a gatetunable fluxonium resilient to high magnetic fields. We have combined a gate-controlled junction with magnetic field-compatible materials and a novel gradiometric design to build the hybrid fluxonium. We are able to perform spectroscopy over a large range of gate voltages and in-plane magnetic fields. We have used the fluxonium to investigate the behavior of an InAs Josephson junction in a magnetic field and observed a non-monotonic decrease of the E J of the junction as well as the ϕ 0 -Josephson effect.
Our magnetic-field compatible hybrid fluxonium can now be used as a detector for the 4π-periodic Josephson effect [18] and of Majorana parity dynamics. We emphasize that the hybrid fluxonium is not limited to the exploration of nanowires but constitutes a new platform for exploring the behavior of topological materials as well as superconductivity in the presence of a magnetic field. Proposals to probe superconductor-proximitized edge states in a quantum spin Hall insulator [33, 34] or field-dependent spin-polarized correlated insulating phases [35] are also now accessible using our hybrid circuit. 4.82
nanowire is deterministically deposited on top of the prepatterned leads of the inductor and capacitor using a micromanipulator. The Josephson junction is defined by etching away an Al section of around 80 nm on top of the junction gate. The wire is contacted to the leads using 150 nm-thick sputtered NbTiN. The fluxonium is inductively coupled to a readout LC-resonator by a small shared inductance L s . The resonator (shown in Fig. 1b ) is composed of a lumped element capacitor with vortex-pinning holes and an inductor formed from a 200 nm-wide meandering strip. The gate and transmission lines are made out of 100 nmthick sputtered NbTiN. The resonator is capacitively coupled to a transmission line to allow readout of the fluxonium using standard dispersive readout techniques.
Fitting procedure
To find the relative extrema we apply a peak finding algorithm to the raw data. This algorithm first smooths the data in the frequency axis to avoid errors in peak finding due to noise. A minimum peak height is specified.
We fit the extracted data with the Hamiltonian corresponding to the circuit model in Fig. 1 . The fluxonium Hamiltonian,Ĥ f , and the total Hamiltonian of the coupled readout-fluxonium system,Ĥ, can be written in terms of two degrees of freedom,φ f andφ r (the phase drops across the fluxonium junction and across C r , respectively), and their conjugated chargesn f and n r [28] . In the limit (1) and
(2) The first two terms ofĤ describe the uncoupled resonator, while the third term accounts for the coupling between resonator and fluxonium.
We diagonalize Hamiltonian 2 using the numerical method in [28] . All the spectra for the same device are fitted simultaneously. The free parameters E C , E L , L r and L s are common for all spectra corresponding to the same device. The free parameter E J , however, has a different value for each spectrum.
All markers shown in Figures 2, 3 and 4 are included without distinction in the fits. The markers colors are assigned by association to the different transitions. Grey markers do not correspond to any transition present in the fit.
Each of the terms inĤ f results from one of the three characteristic energies of fluxonium: E C , E L and E J . The two conjugated variables in this Hamiltonian,φ f andn f , are analogous to position and momentum, respectively. With this interpretation, the two terms involvingφ f constitute a phase-dependent potential
(2) Fig. 1i shows the potential at ϕ ext = 0 for the three E J values in Fig. 3 in the main text. The E L term results in a parabolic background, common for the three cases. The E J adds a periodic modulation on top of it, which becomes more noticeable as E J increases. E C can be seen as a mass term and, together with the potential V , determines the eigenstates of fluxonium. The lowest energy eigenstates are labelled g, e, f and h. Their energies at ϕ ext = 0 are shown as colored lines in Fig. 1i . Fig. 1ii shows how these energies disperse with ϕ ext . For small E J values, the variation of ϕ ext results in weak oscillations of the eigenenergies, while for large E J 's the ϕ ext -dependence is much stronger. In the limit of small E J the eigenstates are vibrational modes of the harmonic LC oscillator determined by E L and E C . Therefore, their energies are evenly spaced with a separation determined by the plasma frequency √ 8E C E L /h. In the limit of large E J the eigenstates become superpositions of persistent currents localized in phase. Fig. 1iii shows the transition frequencies between different pairs of eigenstates, which are the quantities that can be addressed experimentally. For simplicity, only the transitions starting from the ground state are shown here. The two-tone spectroscopy data in Figures 2, 3 and 4 in the main text shows the measured transition frequencies for the fluxonium-resonator coupled system. 
